Phencyclidine (PCP) is a drug of abuse that has rewarding and dysphoric effects in humans. The complex actions of PCP, and PCP withdrawal in particular, on brain reward function remain unclear. The purpose of the present study was to characterize the effects of withdrawal from acute and chronic PCP treatment on brain reward function in rats. A brain stimulation reward procedure was used to evaluate the effects of acute PCP injection (0, 5, or 10 mg/kg) or chronic PCP treatment (0, 10, 15, or 20 mg/kg/day for 14 days delivered via subcutaneous osmotic minipumps) on brain reward function. Withdrawal from acute administration of 5 and 10 mg/kg PCP produced a decrease in brain reward function as indicated by a sustained elevation in brain reward thresholds. When administered chronically, 10, 15, or 20 mg/kg/day PCP induced a progressive dose-dependent potentiation of brain stimulation reward, while cessation of the treatment resulted in significant elevations in reward thresholds reflecting diminished reward. Specifically, withdrawal from 15 or 20 mg/ kg/day PCP induced a depression in brain reward function that lasted for the entire month of observation. These results indicate that prolonged continuous administration of high PCP doses facilitates brain stimulation reward, while withdrawal from acute high PCP doses or chronic PCP treatment results in a protracted depression of brain reward function that may be analogous to the dysphoric and anhedonic symptoms observed in PCP dependence, depression, and schizophrenia.
INTRODUCTION
Phencyclidine (PCP), a noncompetitive antagonist of ionotropic N-methyl-D-aspartate (NMDA) glutamate receptors, is a psychotomimetic drug that is abused by humans because of its rewarding and hallucinogenic properties (Crider, 1986; Fram and Stone, 1986) . Rodents appear to be less sensitive to the reinforcing properties of PCP than to those of other drugs abused by humans as indicated by the fact that rodents do not self-administer PCP at the same rates as they self-administer opiate or psychostimulant drugs (Collins et al, 1984) , avoid an environment previously associated with the effects of PCP (Barr et al, 1985; Iwamoto, 1986; Kitaichi et al, 1999) , and often need 'priming' PCP injections to initiate PCP self-administration or PCP-induced place preference (Wise, 1989; Noda et al, 1998) . The rewarding effects of PCP can be evaluated also in rodents using the intracranial self-stimulation (ICSS) paradigm. Systemic (Wise et al, 1992; Bespalov et al, 1999) or intracerebral injections of the drug directly into the nucleus accumbens shell (Carlezon and Wise, 1996a, b) have been shown to either lower the threshold for brain stimulation reward (Kornetsky et al, 1979) or increase the rate at which rodents will lever press at fixed stimulation parameters (Schaefer and Michael, 1990) . Studies investigating the neurobiological mechanisms sustaining the reward facilitating effect of PCP on brain reward function reported that both the action of the drug as a dopamine reuptake inhibitor and as an NMDA receptor antagonist (Smith et al, 1977; Gerhardt et al, 1987; Rothman et al, 1989; Kuhar et al, 1990) are each sufficient in mediating reward-related effects in the nucleus accumbens (eg Wise, 1993, 1996a; however Carlezon and Wise, 1996b) .
By contrast, little work has focused on the negative affective aspects of PCP withdrawal reflected by diminution of brain stimulation reward. In humans, it is well documented that withdrawal from many different drugs of abuse, including PCP, triggers a depressive mood, characterized by an 'inability to experience pleasure ' (American Psychiatric Association, 1994 ). An operational measure of this deficit in animals is the elevation in brain reward threshold observed during drug withdrawal that reflects diminished interest of the subjects in the rewarding electrical stimuli (Geyer and Markou, 1995) . A deficit in brain reward function has been reported during withdrawal from amphetamine (eg Leith and Barrett, 1976; Kokkinidis and Zacharko, 1980; Kokkinidis et al, 1986; Lin et al, 1999; Paterson et al, 2000) , cocaine Koob, 1991, 1992a; Baldo et al, 1999) , opiates (Schulteis et al, 1994) , ethanol (Schulteis et al, 1995) , and nicotine (Epping-Jordan et al, 1998; Harrison et al, 2001) . The aim of the present study was to characterize in rats the effects on brain stimulation reward of withdrawal from different PCP treatments. We hypothesized that, like withdrawal from other drugs of abuse, the cessation of PCP treatment will produce in rats a decrease in brain reward function that will reflect a deficit in experiencing pleasure.
As hypothesized previously Harrison et al, 2001; Markou and Kenny, 2002) , elevations in brain reward thresholds associated with withdrawal from drugs of abuse may be homologous, or at least analogous, to the symptom of 'diminished interest or pleasure' (ie anhedonia) characterizing nondrug-induced depressions (American Psychiatric Association, 1994) . Further it has been hypothesized that the negative symptoms of schizophrenia, such as anhedonia and avolition (ie lack of motivation; American Psychiatric Association, 1994) may be neurobiologically similar to depressive symptomatology, such as anhedonia and dysphoria, seen in both drug-and nondrug-induced depressions (Markou and Kenny, 2002) . Withdrawal from PCP treatment induces in humans and rodents some longlasting behavioral and neurochemical perturbations that have been hypothesized to have relevance to schizophrenia symptomatology and neuropathologies, respectively (Jentsch and Roth, 1999) . These observations have led to the hypothesis of hypofunctioning of the glutamatergic system as one of the pathophysiologies mediating schizophrenia (Javitt and Zukin, 1991; Carlsson et al, 2001) . The purpose of the present study was to test the hypothesis that withdrawal from PCP administration results in elevations in brain reward thresholds. We propose here that such potential elevations in brain reward thresholds induced by PCP withdrawal would reflect an anhedonic state that may be analogous to the symptom of anhedonia that is seen in depression, and which is also one of the negative symptoms of schizophrenia. Our hypothesis is that this common symptom of anhedonia seen in different psychiatric disorders may be mediated by overlapping neurobiological mechanisms Markou and Kenny, 2002) .
In the present studies, two different drug administration regimens were used. Acute bolus injections of high PCP doses (5 and 10 mg/kg) were administered to the animals and then brain stimulation reward thresholds were examined 8-48 h after PCP administration. Pharmacokinetic findings indicated that after a bolus injection of 5 mg/kg PCP, PCP levels in the brain rise and drop rapidly during the first 2 h, and at 8 h postinjection PCP is no longer detectable (eg Schroeder et al, 1998) . Thus, it is assumed that the behavioral evaluations performed here assessed the effects of withdrawal from PCP on reward thresholds. These time points also correspond to the time of occurrence of transient pathomorphological changes induced by the drug in specific cortical subregions of the brain (Corso et al, 1997) , thereby allowing an evaluation of the possible consequences of the neurotoxic effects of PCP on brain reward thresholds (see Discussion).
Then, we examined the effects of chronic treatment with 10, 15, or 20 mg/kg/day PCP administered continuously for 14 days and the effects of cessation of PCP administration on brain reward function. It has been reported that there are qualitative and quantitative differences in the effects of acute vs chronic PCP exposure (Jentsch and Roth, 1999) . For example, studies demonstrated that the chronic treatment selected here has been effective previously in inducing durable cognitive dysfunction, social withdrawal, and enhancement of immobility time in the forced swim test in rats or mice that are not observable after acute PCP (Noda et al, 1995 (Noda et al, , 2000 Jentsch et al, 1997c; Quiao et al, 2001 ). Thus, it was important to characterize withdrawal from both high-dose bolus PCP administration and withdrawal from chronic sustained PCP exposure in the ICSS paradigm. Moreover, because the behavioral and neurochemical effects induced by withdrawal from chronic PCP treatment have been shown to be surprisingly long lasting, the argument has been made that withdrawal from chronic PCP exposure is likely to mimic the psychopathologies and neuropathologies associated with schizophrenia (Jentsch and Roth, 1999 ). Therefore, we tested the long-lasting effect of withdrawal from chronic PCP treatment on brain reward function in the context of its relevance to the anhedonia reported in the symptomatology of both schizophrenia and depression.
MATERIALS AND METHODS

Subjects
Male Wistar rats (Charles River, Raleigh, NJ), weighing 330-350 g at the beginning of the experiments, were housed in pairs in a temperature-and humidity-controlled environment with a reversed 12 h light/dark cycle (lights off at 10:00 am). Food and water were available ad libitum. After arrival, animals were allowed a week to habituate to the vivarium; during this period, rats were handled twice to familiarize them to the experimenter and to handling. All subjects were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the facilities and experimental protocols were in accordance with the Association for the Assessment and Accreditation of Laboratory Animal Care of the Scripps Research Institute. All testing was conducted during the dark phase of the light/dark cycle, unless otherwise stated.
Apparatus
The experimental apparatus consisted of 16 Plexiglas chambers (30.5 Â 30 Â 17 cm 3 ) (Med Associates Inc., St Albans, VT) encased in sound-attenuating boxes (San Diego Instruments, San Diego, CA). Each operant chamber contained a stainless-steel grid floor and a metal wheel manipulandum centered in a sidewall, which required 0.2 N force to rotate it a quarter turn. Subjects were connected to the stimulation circuit by bipolar leads (Plastics One, Roanoke, VA) attached to gold-contact swivel commutators (model SL2C, Plastics One, Roanoke, VA). Brain stimulation was delivered by constant current stimulators (Stimtech 1200, San Diego Instruments, San Diego, CA). The stimulation parameters, data collection, and all test session functions were controlled by a microcomputer.
Surgical Procedures
ICSS electrode implantation. Subjects were anesthetized with a halothane/oxygen vapor mixture (1.0-1.5%) and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Stainless-steel bipolar electrodes (model MS303/2, Plastics One, Roanoke, VA), cut to a length of 11 mm, were implanted in the posterior lateral hypothalamus (AP À0.5 mm from bregma, ML 7 1.7 mm, DV À8.3 mm from dura, with the incisor bar 5 mm above the interaural line (Pellegrino et al, 1979) ). Half of the animals were prepared with the electrodes on the right side and the remainder on the left side of the brain, to counterbalance any possible brain asymmetries (Glick et al, 1980; Markou and Frank, 1987) . Dental acrylic was applied around the base of the electrode and four stainless-steel screws (inserted into the skull) to fix the assembly permanently to the skull. All animals were allowed to recover for at least 7 days prior to any behavioral testing.
Osmotic minipump implantation and removal. Rats were anesthetized with a halothane/oxygen vapor mixture (1.0-1.5%), and an osmotic minipump (model 2ML2 (14-day), Alza Corp, Palo Alto, CA) was inserted subcutaneously (s.c.) (back of the animal parallel to the spine) with the flowmoderator directed posteriorly. The wound was stapled, and an antibacterial preparation was applied to the incision area. The rats were retested on the ICSS task 24 h after the minipump implantation. On day 14, the pumps were surgically removed under halothane anesthesia and the animals were allowed a period of 6 h to recover before any behavioral testing. 
ICSS Behavioral Procedure
The ICSS task used is a modified version Koob, 1992b, 1993 ) of a discrete-trial current-threshold procedure originally developed by Kornetsky et al (1979 Kornetsky et al ( , 1981 . The apparatus, surgery, procedure, and parameters for the lateral hypothalamic ICSS task have been described in detail previously (Kornetsky et al, 1979 (Kornetsky et al, , 1981 Koob, 1992b, 1993) .
The subjects were trained initially to turn the wheel manipulandum on a fixed ratio 1 (FR1) schedule of reinforcement. Each quarter turn of the wheel resulted in the delivery of a 500 ms train of 0.1 ms cathodal squarewave pulses at a frequency of 100 Hz. After the successful acquisition of responding for stimulation on this FR1 schedule, defined as 100 reinforcements within 10 min, the rats were trained gradually on the discrete-trial currentthreshold procedure (Kornetsky et al, 1979 (Kornetsky et al, , 1981 Koob, 1992b, 1993) .
Each trial began with the delivery of a noncontingent electrical stimulus, followed by a 7.5 s response window within which the subject could make a response to receive a second contingent stimulus identical to the initial noncontingent stimulus. A response during this time window was labeled a positive response, while the lack of a response was labeled a negative response. During a 2 s period immediately after a positive response, additional responses had no consequences. The intertrial interval (ITI) that followed either a positive response or the end of the response window (in the case of a negative response) had an average duration of 10 s (ranging from 7.5 to 12.5 s). Responses that occurred during the ITI resulted in a further 12.5 s delay of the onset of the next trial. During training on the discrete-trial procedure, the duration of the ITI and delay periods induced by inappropriate responses occuring during the ITI were gradually increased until animals performed consistently for a fixed stimulation intensity at standard test parameters. The animals were subsequently tested on the current-threshold procedure in which stimulation intensities were varied according to the classical psychophysical method of limits (Engen, 1971) . A test session consisted of four alternating series of descending and ascending current intensities starting with a descending series. Blocks of three trials were presented to the subject at a given stimulation intensity, and the intensity changed by steps of 5 mA between blocks of trials. The initial stimulus intensity was set at approximately 40 mA above the baseline current threshold for each animal. Each test session typically lasted 30-40 min and provided two dependent variables for behavioral assessment: threshold and response latency. Before any drug administration, rats were tested using the above brain stimulation procedure until stable baseline thresholds and latencies were achieved ( 7 10% over a 5-day period), which typically occurred after 2-3 weeks of daily baseline testing. Each ICSS test session was approximately 30 min long and provided two behavioral measures defined as follows:
Brain reward thresholds. The current threshold for each descending series was defined as the stimulus intensity between the successful completion of a block of trials (positive responses during two or more of the three trials) and the stimulus intensity for the first block of trials, of two consecutive blocks, during which the animal failed to respond positively on two or more of the three trials. During the ascending series, the threshold was defined as the stimulus intensity between the unsuccessful completion of a block of trials (negative responses during two or more of the three trials) and the stimulus intensity for the first block of trials, of two consecutive blocks, during which the animal responded positively on two or more of the trials. Thus, during each test session, four thresholds were determined and the mean of these values was taken as the brain reward threshold for the session.
Response latency. The latency between the onset of the noncontingent stimulus at the start of each trial and a positive response was recorded as the response latency. The response latency for each test session was defined as the mean response latency of all trials during which a positive response occurred. Changes in response latencies reflect changes in the speed of responding that may be influenced by a variety of mechanisms, such as changes in motor performance and/or attention (Markou and Koob, 1991 , 1992b . Changes in the sensitivity of the reward pathway mediating ICSS reward do not affect response latencies (Markou and Koob, 1991 , 1992b .
Experiment 1: Effects of Withdrawal from Acute High Doses of PCP on Brain Stimulation Reward
After establishment of stable baseline performance (less than 10% variation over 5 days), the animals were administered PCP or saline s.c. according to the following dose order that was the same for all rats: 0.0, 5.0, and 10.0 mg/kg PCP. This dose order was selected to prevent the highest PCP dose used in the study to result in permanent behavioral changes; thus it was desirable to administer the highest PCP dose last. ICSS tests were performed at 8 and 12 h after PCP administration and at 24-h intervals thereafter. These time points were selected based on preliminary unpublished data obtained in the authors' laboratory showing that ICSS testing performed prior to the 8 h time point is compromised by motoric performance inabilities because of the ataxia and stereotypy induced by PCP. Furthermore, pharmacokinetic findings indicate that 8 h after a bolus injection of 5 mg/kg PCP, the drug is no longer detectable in the brain of the subject (Schroeder et al, 1998) . Consequently, the ICSS testing performed in the present experiment evaluated the effect on brain stimulation reward after withdrawal from acute PCP treatment. The animals were habituated to the injection procedure by administering saline on random days during the baseline period. Drug doses were administered at a minimal interval of 1 week, thus allowing at least 7 drug-free days between doses. All animals (n ¼ 16) were drug naive at the beginning of the experiment and weighed two to three times per week.
Experiment 2: Effects of Chronic PCP Treatment and PCP Withdrawal on Brain Stimulation Reward
After stable self-stimulation performance had been achieved (less than 10% variation over 5 consecutive days), naïve animals were assigned to one of four treatment groups: 0.0 (n ¼ 14), 10.0 (n ¼ 14), 15.0 (n ¼ 12), or 20.0 (n ¼ 12) mg/kg/ day PCP administered via subcutaneous 14-day osmotic minipumps. Rats were assigned to groups so that the groups' 5-day mean baseline thresholds were equal before any drug administration. The concentrations of PCP were adjusted to compensate for differences in body weight at the time of implantation. These doses of PCP and length of treatment were selected based on preliminary unpublished data obtained by the authors, showing that lower doses of PCP (ie 2.5 or 5 mg/kg) delivered during a shorter period of time (ie via 7-day osmotic minipumps) induced only brief transient changes in brain stimulation reward thresholds. ICSS behavior and the body weight of the animals were assessed 24 h after minipump implantation and at 24-h intervals thereafter until pump removal on day 14.
On day 14, first rats were tested on the ICSS task. Immediately after this ICSS session, the pumps were removed. Then, ICSS behavior was assessed at 6 and 12 h after removal of the pumps, and at 24-h intervals thereafter for the following 13 days (ie days 1-14 of withdrawal) and every second day for the following 14 days (ie days 15-30 of withdrawal). Body weight was measured immediately after each ICSS session. All testing and surgery occurred during the dark phase of the light/dark cycle, with the exception of the 12-h time point after removal of the pumps that, given the experimental schedule, was performed 2 h after the beginning of the light cycle (ie 12:00 am).
Data Analyses
Threshold and response latency data were expressed as a percentage of the mean baseline values assessed during 5 days before each PCP/vehicle injection or prior to the implantation of the minipumps. In addition, the average threshold for the withdrawal period was calculated by adding the threshold values over the indicated period of time (ie testing points after the cessation of administration of PCP or saline) and dividing by the number of testing points. All data were analyzed using the appropriate analyses of variance (ANOVAs) with factors defined as within-or between-subjects in accordance with the experimental design. Further, an ANOVA assessed the stability of the threshold and response latency baseline values throughout experiment 1; these analyses were performed on the raw threshold and latency values. Statistically significant main and interaction effects were followed by post hoc NewmanKeuls or Fisher's LSD tests. The level of significance was set at po0.05.
RESULTS
Experiment 1: Effects of Withdrawal from Acute High Doses of PCP on Brain Stimulation Reward
Mean raw baseline values for brain reward thresholds or response latencies assessed before each PCP or vehicle injection ranged from 160.24 to 160.53 mA, and from 3.28 to 3.34 s, respectively. There were no statistically significant differences between these baseline values for brain reward thresholds and response latencies indicating that the repeated treatment procedure did not alter baseline performance (p40.05). Withdrawal from acute injection of 5 or 10 mg/kg PCP elevated brain reward thresholds compared to thresholds after saline treatment (main effect of Drug: F(2,45) ¼ 6.34, po0.01), and this effect persisted up to 24 h after drug administration (main effect of Time: F(3,135) ¼ 17.12, po0.0001) (Figure 1a ). There was no statistically significant Dose Â Time interaction (F(6,135) ¼ 1.55, NS). The two-way ANOVA performed on the response latency data revealed no main effect of Drug (F(2,45) ¼ 1.52, NS), but a significant Time effect (F(3,135) ¼ 7.27, po0.0001), and a significant Treatment Â Time interaction (F(6,135) ¼ 3.10, po0.01). Post hoc analyses indicated that 10 mg/kg PCP significantly increased response latencies 8 h after the injection compared to latencies of control animals, while administration of 5 mg/kg PCP did not affect the latency to respond at any time point (Figure 1b ).
Experiment 2: Effects of Chronic PCP Treatment and PCP Withdrawal on Brain Stimulation Reward
The mean raw baseline values for brain reward thresholds or response latencies before implantation of the minipumps ranged from 105.00 to 135.83 mA, and from 3.29 to 3.47 s, respectively. No statistically significant differences between the mean baseline thresholds or response latencies of subjects assigned to the saline-treated group and subjects assigned to each of the PCP-treated group were seen before the drug manipulation (p40.05), because animals were assigned to groups so that baseline group means were almost equal. Data for the PCP/vehicle exposure period when the osmotic minipumps were in the animals were analyzed separately from the data during the withdrawal period after the removal of the minipumps. During the 14-day exposure to PCP, rats treated with PCP showed a significant progressive lowering of brain reward thresholds compared to thresholds of control animals prepared with saline-containing minipumps (Treatment effect: F(3,48) ¼ 3.83, po0.05; Time effect: F(13,624) ¼ 9.29, po0.0001) (Figure 2a-c) . However, there was no significant Treatment Â Time interaction (F(39,624) ¼ 1.28, NS), indicating that the three doses of PCP did not induce significantly different actions on brain reward thresholds during the chronic treatment. Removal of the minipumps induced significant treatment (F(3,48) ¼ 4.11, po0.05) and time-dependent (F(23,1104) ¼ 13.22, po0.0001) elevations in brain reward thresholds in the animals previously treated with PCP compared to control rats treated with saline. Most importantly, a significant Treatment Â Time interaction (F(69,1104) ¼ 1.88, po0.0001) showed that over 1 month of observation, withdrawal from chronic 10, 15, or 20 mg/ kg/day PCP affected brain reward thresholds differentially (Figure 2a-c) . Post hoc comparisons showed that withdrawal from a 14-day exposure to 10 or 20 mg/kg/day PCP significantly elevated brain reward thresholds to 12 and 24 h or 6, 12, and 24 h, respectively, after cessation of the treatment (Figure 2a and c) , while withdrawal from chronic treatment with 15 mg/kg/day PCP induced an elevation of brain reward thresholds that significantly lasted 6, 12, 24, 72, 96, 120, 144, 168 , and 192 h compared to salinepretreated animals (Figure 2b ). Further, there was an overall long-lasting and sustained elevation in brain reward thresholds in animals withdrawn from either 15 or 20 mg/ kg/day PCP compared to rats pretreated with 10 mg/kg/day PCP or saline that lasted during the entire month of testing, as indicated by the average threshold analysis (F(3,48) ¼ 4.11, po0.05) (see Figure 2d ). Parallel analyses of the response latency data showed that chronic administration of 15 and 20 mg/kg/day PCP significantly elevated the time to respond during the first 4 days of treatment compared to the latency of the 10 mg/kg/day PCP or saline groups (Treatment effect: F(3,48) ¼ 3.85, po0.05; Time effect: F(13,624) ¼ 34.86, po0.0001; Treatment Â Time interaction: F(39,624) ¼ 3.01, po0.0001) (Figure 3a-c) . After Figure 1 The long-term effects of acute high doses of PCP on brain reward thresholds and response latencies (mean 7 SEM). Brain reward thresholds (original values in mA reported here as percent of baseline) were elevated at 8, 12, and 24 h after PCP administration compared to those of saline-treated control animals (a); at the same time points there were no changes in response latencies (original values in seconds reported here as percent of baseline) except for the 10 mg/kg PCP group at the 8-h time point (b). Asterisks indicate statistically significant differences between the PCP and saline groups for specific time points (*po0.05 and **po0.01; Newman-Keuls post hoc test).
Phencyclidine and brain reward function C Spielewoy and A Markou cessation of the treatment, there was a Treatment Â Time interaction effect (F(69,1104) ¼ 1.542, po0.01). Nonetheless, analyses of the average response latency recorded during the month of withdrawal did not reveal any statistically significant differences between the four groups (F(3,48) ¼ 0.15, NS) (see Figure 3d ).
DISCUSSION
The results showed that chronic sustained PCP exposure (10, 15, or 20 mg/kg/day administered chronically for a period of 14 days) led to a dose-and time-dependent lowering of brain reward thresholds reflecting reward facilitation. This action closely paralleled the development of tolerance to the stereotypy and ataxia induced by PCP (Sturgeon et al, 1982) . It is however unlikely that the delayed onset of the effect of 15 and 20 mg/kg/day PCP on brain reward threshold was because of motoric disabilities as the rewarding effect of PCP emerged on the 5th day of treatment while response latencies returned to a baseline level only on the 8th day (see Figures 2b, c, 3b, c) , indicating that the effects of PCP on brain reward function and task performance were independent. By contrast, withdrawal from acute high PCP doses or from chronic sustained PCP exposure induced a decrease in brain reward function reflected in elevations in thresholds for electrical brain stimulation. Specifically, withdrawal from acute high PCP doses (5 and 10 mg/kg) induced a diminution in brain stimulation reward that lasted 24 h and reflected a transient deficit in brain reward function. Withdrawal from chronic sustained PCP exposure gave rise to a very long-lasting elevation in brain reward threshold reflecting a deep depression in brain reward function that was much longer lasting than that seen from other drugs of abuse (see below), and lasted for at least a month. There were no large or consistent effects on the rats' response latencies during withdrawal, indicating that the performance of the ICSS task was not dramatically affected by the withdrawal from acute or chronic PCP treatment, and thus the effects on thresholds cannot be attributed to performance disabilities. Interestingly, although the three doses of PCP (10, 15, or 20 mg/kg/day) did not induce significantly different effects on brain reward thresholds during the chronic treatment, discontinuation of their administration affected brain reward threshold differentially over the month of observation. We observed an overall longer-lasting elevation in brain reward threshold in animals withdrawn from either 15 or 20 mg/kg/day PCP compared to rats treated with 10 mg/ kg/day PCP or saline that was indicative of an enduring depression in brain reward function. This 1-month duration is unusual compared to the 1-to 7-day effect seen in rats withdrawn from chronic amphetamine (eg Leith and Barrett, 1976; Kokkinidis and Zacharko, 1980; Kokkinidis et al, 1986; Lin et al, 1999; Paterson et al, 2000) , cocaine Koob, 1991, 1992a; Baldo et al, 1999) , opiates (Schulteis et al, 1994) , ethanol (Schulteis et al, 1995) , and nicotine (Epping-Jordan et al, 1998; Harrison et al, 2001) . Further, attempts to increase the duration of the effect of amphetamine and nicotine withdrawal on reward threshold using repeated withdrawal from continuous administration of these drugs were not successful (Paterson et al, 2000; Skjei and Markou, 2003) . Interestingly, when nicotine was given for a prolonged period of time (ie 28 vs 7 days via subcutaneous osmotic minipumps), rats exhibited a 14-15 day elevation in brain reward threshold during the subsequent withdrawal that was independent of the dose administered (Skjei and Markou, 2003) . Thus, it is hypothesized here that the duration of the chronic drug treatment is an important factor in determining the duration and magnitude of the brain reward deficit, and further investigation of this relation may offer new insights into the specificity of the neurobiological mechanisms underlying the enduring affective disturbances associated with long periods of drug use. Our present findings with PCP are consistent with data from other studies showing similar durable effects after cessation of chronic PCP treatment in cognitive function in monkeys or rats (Jentsch et al, 1997b, c) , social withdrawal in mice (Quiao et al, 2001) , and avolition in mice as reflected by increased immobility time in the forced-swim test (Noda et al, 1995 (Noda et al, , 2000 .
One explanation for the prolonged manifestation of brain reward deficit observed after PCP administration discontinuation may be related to the opponent process theory. This theory postulates that the initial effects of the drug are opposed or counteracted by homeostatic changes in systems that mediate primary drug effects (Solomon and Corbit, 1974; Siegel, 1975) . These neurobiological changes occur within the system that directly mediates the acute action of the drug or involve other systems that are recruited during chronic drug administration and are revealed at the cessation of the treatments (Koob and Le Moal, 1997). The early phase of the withdrawal may be hypothesized to be mediated by changes that take place within the primary system affected by the drug and the late phase by adaptations that occurred in other systems (Nestler and Aghajanian, 1997) . In the present study, the dose-dependent increase in magnitude of the elevation in brain reward threshold observed during the first 2-3 days after cessation of chronic 10, 15, or 20 mg/kg/day PCP administration may be because of dose-dependent changes that developed in the primary system during the chronic drug treatment. Although these neurobiological changes seem to be transient only in rats withdrawn from 10 mg/kg/day PCP, it appears that the adaptations induced by 15 or 20 mg/kg/ day PCP were more dramatic and triggered the involvement of other systems that together sustained the enduring expression of brain reward deficit shown in the present study.
In terms of the specific neurobiological mechanisms that may comprise these counteradaptations, data suggest alterations in the balance between serotonin and dopamine neurotransmission. PCP has complex biochemical actions. Other than being a noncompetitive antagonist of the NMDA receptor, PCP is also an inhibitor of serotonin and dopamine reuptake and affects gamma-aminobutyric acid (GABA) neuronal function (Smith et al, 1977; Gerhardt et al, 1987) . It is generally assumed that the rewarding effects of acute or chronic PCP treatment are related to an increase in mesolimbic extracellular dopaminergic levels (Di Chiara and Imperato, 1988; Carboni et al, 1989 ) and a dosedependent progressive downregulation of 5-HT 2A receptors in response to the elevation in serotonin turnover produced by the drug (Nabeshima et al, 1985 (Nabeshima et al, , 1987 Noda et al, 1998) . Growing evidence indicates that PCP preferentially elevates dopaminergic transmission through its antagonist actions on NMDA receptors located on GABAegic inhibitory interneurons, thereby disinhibiting the firing of dopaminergic neurons, rather than through its action as a dopamine reuptake inhibitor (Jentsch et al, 1997a (Jentsch et al, , 1998a . Nonetheless, although PCP treatment seems to have a common stimulatory action on serotonergic and dopaminergic neurotransmission, cessation of drug administration (ie withdrawal) leads to different actions in the two systems. It has been observed that withdrawal from PCP treatment is associated with an upregulation of 5-HT 2A receptors (Kitaichi et al, , 1999 ) and a progressive increase in serotonin utilization in the prefrontal cortex, indicating an overstimulation of serotonin neurotransmission in this brain area during withdrawal; the amplitude of this effect is proportional to the duration of the preceding PCP treatment and is reversed by antipsychotic drugs having 5-HT 2A receptor antagonist activity (eg clozapine) (Noda et al, 1995 (Noda et al, , 2000 Quiao et al, 2001) . Moreover, two laboratories showed that during PCP withdrawal, depending on the duration of PCP treatment, there is a progressive decrease in basal-or stress-evoked dopamine utilization in the prefrontal cortex associated with an increase in subcortical dopamine turnover induced by amphetamine or a stressor (Jentsch et al, 1997c (Jentsch et al, , 1998b Noda et al, 2000; Balla et al, 2001) . Therefore, sustained PCP exposure seems to establish imbalances between serotonin and dopamine transmission in cortical brain regions as well as in the functioning of these two neurotransmitter systems between cortical and subcortical brain regions that may lead to the expression of a long-lasting dysphoric effect of the drug at the cessation of treatment.
Further emphasis has been put lately on the study of the induction by PCP of immediate-early genes that then would activate the expression of proteins intervening in the longlasting neurobiological changes underlying the enduring effects of PCP on behaviors, as observed here after cessation of chronic 15 or 20 mg/kg/day PCP treatment. It has been reported that PCP exerts complex time-and brain regiondependent effects on the expression of early genes such as cfos, junB, zif268, and nerve growth factors that can be attenuated by the administration of antipsychotics or 5-HT 2A receptor antagonists Nakki et al, 1996; Gao et al, 1998; O'Neill et al, 1998) . Of particular interest is the observation that PCP, or its congener MK-801, modulates the cAMP response element-binding protein (CREB) transcription factor family and the brain-derived neurotrophic factor (BDNF) (Castrén et al, 1993; Hughes et al, 1993; Storvik et al, 2000) . CREB and BDNF have been studied for their transient and long-lasting, respectively, roles in the reinforcing effects of drugs (Horger et al, 1999; Nestler, 2001) . Moreover, it has been recently revealed that within the mesolimbic dopaminergic system, activation of CREB is associated with the dysphoric effect of early cocaine withdrawal (Pliakas et al, 2001 ) and BDNF induces depression-like effects (Nestler et al, 2002) . Therefore, these two proteins are promising candidates whose function may explain the short and enduring depressions in brain reward function observed in our study.
PCP-induced neurodegenerative changes in specific brain structures also have been described. Thus, one cannot exclude the possibility that the behavioral perturbations observed here with the chronic 15 or 20 mg/kg/day PCP treatment might be related to the neurotoxic effects of PCP. Acute bolus injection of high PCP doses (50 mg/kg) produced morphological changes involving a reversible vacuole reaction affecting cytoplasmic organelles in specific neurons of the posterior cingulate and retrosplenial cortex (Olney et al, 1999) . Although the acute PCP doses used in the present study were not as high (5 and 10 mg/kg), it is intriguing to note that the time of appearance of the vacuolizations (4-12 h; Olney et al, 1999) closely corresponds to the times at which elevations in brain reward threshold were observed after the acute PCP doses. Interestingly, the same authors and others reported that chronic PCP treatment over 3-14 days causes irreversible necrotic toxicity and apoptosis that spreads to many corticolimbic brain regions (eg the amygdala, dentate gyrus, entorhinal cortex, olfactory tubercle, and piriform cortex; Ellison and Switzer, 1993; Ellison, 1994; Corso et al, 1997; Johnson et al, 1998; Phillips et al, 2001; Sharp et al, 2001) . These effects of PCP are blocked by antipsychotic drugs (Sharp et al, 1992; Johnson et al, 1998; Olney et al, 1999) . No changes in absolute serotonin or dopamine concentrations have been reported with either acute or chronic treatment using high doses of PCP suggesting that there are no neurochemical lesions of these two important neurotransmitter innervations likely to be involved in the rewarding/ dysphoric actions of PCP (Jentsch et al, 1997b; Noda et al, 2000; Balla et al, 2001) . Nevertheless, the irreversibility of the neurodegenerative and apoptotic actions of PCP observed in cortical and subcortical structures in which PCP acts to modulate neurotransmission may lead to the longlasting expression of the brain reward deficit observed during withdrawal from chronic high-dose PCP treatment.
Taking together the results from the literature summarized above and the present findings, it appears that withdrawal from acute or chronic PCP administration induces a negative affective state through modification of the functioning of numerous neurotransmitters and their related proteins in various cortical and subcortical brain regions. It is interesting to note that alterations in the function of dopamine and serotonin neurotransmission, the expression of immediate-early genes such as CREB and BDNF, or the induction of neuronal degeneration in cortical and subcortical areas also are reported during withdrawal from other drugs of abuse Davidson et al, 2001) , and are associated with nondrug-induced depressions (Nestler et al, 2002) and the negative symptoms of schizophrenia (Lipska et al, 2001 ). These observations, together with the fact that there is phenomenological resemblance in depressive symptoms seen in drug dependence, nondrug-induced depressions, and schizophrenia, support our hypothesis of overlapping neuronal mechanisms mediating a negative affective state that is common to these three disorders Markou and Kenny, 2002) . Moreover, considering that ICSS behavior was hypothesized to be mainly mediated by dopaminergic neurotransmission (Phillips and Fibiger, 1989; Stellar and Rice, 1989) , our data together with those of Carlezon and Wise (1996b) clearly implicate a critical role for glutamatergic neurotransmission in ICSS behavior.
The present results may lead to further research that will offer new insights into the neurobiology mediating the negative affective aspects of drug dependence/withdrawal, depression, and schizophrenia. More specifically, the paradigm presented here appears to be a reliable procedure with which to investigate the interactions between dopaminergic and glutamatergic systems in modulating a state of anhedonia that has relevance to both core symptoms of drug-induced and nondrug-induced depressions and negative symptoms of schizophrenia. Especially, the mechanisms by which PCP induces expression of genes belonging to the cyclic adenosine monophosphate/protein kinase A/ dopamine-and adenosine-3,5-monophosphate-regulated phosphoprotein/protein phosphatase-1 (cAMP/PKA/ DARPP-32/PP-1) pathway, that is a crucial link between dopamine and glutamate receptor interrelations, would be of considerable interest in the study of the neurobiological changes underlying affective states. Overall, the present study suggests the potential utility of PCP as a pharmacological tool in the investigation of the correlates of anhedonia observed in drug dependence, depression, and schizophrenia.
In conclusion, blockade of NMDA receptors by PCP induced a deficit in brain reward function that may be analogous to the depressive-like symptoms observed in the symptomatology of PCP dependence/withdrawal, depression, and schizophrenia. As expected, withdrawal from chronic PCP treatment resulted in elevations of brain reward thresholds that are likely to be mediated at least in part by changes in neurotransmitter systems or gene expression, also implicated in the expression of withdrawal from other drugs of abuse. The present data also demonstrated a protracted and long-lasting depression in brain reward function after cessation of chronic administration of 15 or 20 mg/kg/day PCP. It is hypothesized that this sustained negative affective effect of PCP withdrawal induces behavioral and neurochemical changes with relevance to both drug-and nondrug-induced depressions and the negative symptoms of schizophrenia.
